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 2 

Summary 23 

Aphantasia is a condition characterized by reduced voluntary mental imagery. As this lack of 24 

mental imagery disrupts visual memory, understanding the nature of this condition can provide 25 

important insight into memory, perception, and imagery. Here, we leveraged the power of case 26 

studies to better characterize this condition by running a pair of identical twins, one with 27 

aphantasia and one without, through mental imagery tasks in an fMRI scanner. We identified 28 

objective, neural measures of aphantasia, finding less visual information in their memories which 29 

may be due to lower connectivity between frontoparietal and occipitotemporal lobes of the brain. 30 

However, despite this difference, we surprisingly found more visual information in the 31 

aphantasic twin’s memory than anticipated, suggesting that aphantasia is a spectrum rather than a 32 

discrete condition. 33 

 34 

 35 

Keywords 36 

Visual imagery, long-term memory, perception, fMRI, encoding-recall similarity, functional 37 
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Introduction 39 

 40 

What does your bedroom look like? For many of us, we can form a vivid mental image of 41 

this place, filling our “mind’s eye” with its visual details. However, the nature of these mental 42 

representations—and their relationship to perception—is debated in the field. Are these 43 

representations a recapitulation of what we viewed during perception, or have they been altered 44 

in memory? The key to this fundamental question may be those with aphantasia, a condition 45 

characterized by the lack of voluntary mental imagery.1,2 Since aphantasia may serve as a natural 46 

“knock-out” model of visual imagery and recall, it could highlight potential differences in our 47 

perceptual and mnemonic representations. Here, we leveraged the identical genetics and shared 48 

experiences of a unique case study: a pair of identical twins—one with aphantasia and one with 49 

normal imagery—using neuroimaging to pinpoint differences in their memories stemming from 50 

their different imagery experiences.  51 

 It is currently debated how visual perception relates to visual long-term memory. On one 52 

hand, a collection of research has identified similarities between perception and memory, finding 53 

that the same voxels activated during perception are reactivated during memory3–6. On the other 54 

hand, more recent studies have identified meaningful differences between perception and 55 

memory, uncovering that the voxels activated during memory are anterior to—rather than the 56 

same as—those activated during perception.7 Moreover, entirely different networks may even be 57 

involved in perception than in memory.8–10 In fact, the existence of aphantasia suggests 58 

differences between perception and memory: if memory is a reinstatement of perception, then 59 

how do aphantasics have intact perception, but disrupted memory?11 60 
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 4 

Although aphantasia could help define the relationship between perception and memory, 61 

we first need to understand the nature of this condition. As aphantasia has largely been identified 62 

through the Vividness of Visual Imagery Questionnaire (VVIQ),12,13 resulting in estimates that 63 

roughly 4% of the population has aphantasia,2,14 this subjective measure has led to claims that it 64 

could instead be a metacognitive or psychometric condition.15 Indeed, there is little objective 65 

evidence of aphantasia, although measures have been quantified in recent years. For aphantasics, 66 

forming a mental image does not bias perception during subsequent binocular rivalry,1 unlike for 67 

those with normal imagery.16,17 Additionally, those with aphantasia have a reduced skin-68 

conductance response when reading a frightening story compared to controls,18 as they cannot 69 

“see” these events in their minds. Therefore, is lack of imagery a subjective or objective 70 

experience? Neuroimaging could help reveal the underlying nature of this condition, and 71 

potentially identify additional objective measures. 72 

To date, there has only been four published neuroimaging studies of aphantasia,19–22 with 73 

these studies largely taking a network approach. These neuroimaging studies suggest that 74 

aphantasics may have reduced connectivity between their visual-occipital regions and other 75 

regions of the brain, such as the prefrontal cortex20 or temporal lobe regions,19 but increased 76 

connectivity among non-visual areas.19,20 Similarly, a recent electroencephalography (EEG) 77 

study found that mental imagery may be evoked starting in the left temporal lobe for aphantasics 78 

compared to frontal areas in normal imagers.21 Therefore, it seems that aphantasics may have 79 

different networks dedicated to memory than their control counterparts. However, better 80 

understanding aphantasia and memory’s relationship to perception will also depend on 81 

understanding the neural representations during memory. Ongoing work has started to tackle this 82 
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topic, such as comparing representations for low-level features of different items (e.g., faces and 83 

shapes).23  84 

 In the present study, we use functional magnetic resonance imaging (fMRI) to identify 85 

some of the first neural underpinnings of aphantasia, and examine the nature of memory, through 86 

a pair of identical twins—one with aphantasia and one with normal imagery. The identical 87 

genetics and shared experiences of these twins ensures that meaningful differences in memory 88 

are likely due to their differing imagery experiences, making this an ideal sample to pinpoint 89 

neural markers of aphantasia. By having the twins view and mentally imagine the same items, 90 

we found that although the aphantasic twin does have lower memory quality, their memories still 91 

contained an unexpected amount of visual information. Additionally, we also observed reduced 92 

connectivity between occipitotemporal and fronto-parietal areas in the aphantasic twin. These 93 

results not only identify some of the first objective, neural measures of aphantasia, but also 94 

suggest that memory is more than a recapitulation of perception.  95 
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Results 96 

 97 

We examined the mental imagery abilities of a pair of identical twins (31 years old, female) 98 

raised in the same household, where one has aphantasia (“aphantasic twin”) and one does not 99 

(“imager twin”). The twins engaged in two mental imagery tasks while in the fMRI scanner (Fig 100 

1a). In the Novel Imagery task,7 the twins encoded and subsequently mentally imagined the same 101 

set of novel scene and object images. After mentally imagining each image, they rated the 102 

vividness of that mental image using a three-point scale: 1—high vividness, 2—low vividness, or 103 

3—no memory. In the Familiar Imagery task,10 the twins were shown the text label of a familiar 104 

person or place (e.g., ‘Childhood Bedroom’)—generated before the experiment—and were 105 

subsequently asked to mentally imagine that person or place. They then rated the vividness of 106 

that mental image using the same three-point scale. 107 

 In the following sections, we examine behavioral and neural differences between the 108 

twins due to their differing mental imagery experiences. First, we verified differences in the 109 

strength of their mental imagery using behavioral measures, including questionnaire results, 110 

drawings, and vividness reports. Then, we used univariate and multivariate approaches to 111 

identify neural correlates of aphantasia, where we unexpectedly found evidence for perceptual 112 

information present in the aphantasic’s imagery, though to a lesser degree than the imager. 113 

Lastly, we found that the lesser degree of perceptual information in the aphantasic’s imagery 114 

may be due to different underlying strength of their functional connectivity patterns.  115 
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  117 

Figure 1. Methods and behavioral results. (a) Methods for the two imagery tasks. In the Novel Imagery 

task, participants first encoded a novel scene or object image for 6 sec. Then, there was a 4 sec distractor 

period in which the participants indicated an intact image amongst a stream of scrambled images. After a 

1-4 sec randomized jitter, participants then recalled the original image using mental imagery for 6 sec. 

Lastly, they rated the vividness of their mental image using a three-point scale. There was a total of 96 

trials. In the Familiar Imagery task, participants were first given a prompt which consisted of the text 

label of a personally familiar person or place. After a 1 sec mask of scrambled alphanumeric characters, 

the participants then mentally imagined the corresponding text prompt for 10 sec before rating the 

vividness of their mental imagery using a three-point scale. There was a 5-7 sec randomized jittered 

fixation between trials and 144 trials total. (b) Behavioral results. Whereas both twins drew many objects 

in detail from a scene during perception, the aphantasic twin drew starkly less from memory compared to 

the imager twin. The aphantasic twin additionally reported significantly lower vividness during mental 

imagery for both the novel imagery and familiar imagery tasks. 
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Lower subjective imagery strength for aphantasic twin 118 

The strength of mental imagery is often measured through self-report surveys, such as the VVIQ, 119 

which assesses the overall strength of mental imagery, and the Object-Spatial Inventory 120 

Questionnaire (OSIQ), which probes object and spatial imagery abilities separately. The imager 121 

twin reported scores within the standard imagery range (VVIQ=47, Object-OSIQ=56, Spatial-122 

OSIQ=38). However, the aphantasic twin had scores indicative of overall diminished imagery 123 

and object imagery levels (VVIQ=24, Object-OSIQ=22), but intact spatial imagery (Spatial-124 

OSIQ=49), as is typical for aphantasic individuals.24  125 

 Drawings made from memory have been shown to be a more objective measure of 126 

imagery experience.24 When the twins drew three scene images from memory and perception 127 

(see Drawing Experiment), we observed the same trends as the reported survey results. Whereas 128 

both twins were able to accurately draw the scenes in detail during perception, the aphantasic 129 

twin used starkly less detail—including no color—when drawing the scenes from memory (Fig. 130 

1b). 131 

 Additionally, we analyzed the vividness reports collected after each in-scanner imagery 132 

trial. A 2-way ANOVA of successfully remembered trials with participant (imager/aphantasic) 133 

and task (novel imagery/familiar imagery) as factors revealed a significant effect of both 134 

participant (F(1,330)=246.68, p<0.001) and task (F(1,330)=8.44, p<0.004), as well as a 135 

significant interaction (F(1,330)=7.77, p=0.006). For novel images, the imager twin reported 136 

significantly higher imagery vividness for novel scenes and objects (M=1.91, SD=0.29) than the 137 

aphantasic twin (M=1.38, SD=0.49; t(190)=9.16, p<0.001). The imager twin also reported 138 

significantly higher vividness in their imagery for familiar people and places (M=1.90, SD=0.30) 139 

than the aphantasic twin (M=1.14, SD=0.35; t(140)=13.89, p<0.001). However, although the 140 
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 10 

imager reported high vividness for both tasks—with no significant difference between tasks 141 

(t(148.91)=0.10, p=0.92)—the aphantasic twin actually reported significantly lower vividness 142 

during the familiar imagery than the novel imagery task (t(164.90)=3.61, p=0.003). This is 143 

opposite to the trend typically found in control participants,25 suggesting that despite the twins 144 

having increased perceptual experience with familiar people and places than novel images, this 145 

experience does not benefit imagery in aphantasics like it does those with normal imagery. 146 

       147 

Similar univariate activation during imagery 148 

Given the diminished mental imagery reported by the aphantasic twin, is there any information 149 

contained in their mental images? If there is category information during aphantasic imagery, 150 

then we should see differential univariate activation during imagery for different categories of 151 

items during the Novel Imagery task. Indeed, we observed higher activation for scenes than 152 

objects in scene-selective perceptual areas, such as the parahippocampal place area (PPA; Fig. 153 

2a). 154 

We additionally looked at the location of these areas, with a focus on the PPA (Fig. 2a), 155 

as an anterior shift in peak voxel activity from perception to imagery (or memory) is thought to 156 

reflect the more conceptual nature of mnemonic compared to perceptual representations.26,27 The 157 

peak voxel within the imager twin’s right PPA was anteriorly shifted from perception (y=29) to 158 

memory (y=34), although not for their left PPA (perception: y=30; imagery: y=30). However, we 159 

found a similar magnitude—or even smaller—of an anterior shift in the aphantasic’s left PPA 160 

between perception (y=26) and memory (y=28), suggesting items do not get more semanticized   161 
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  162 

Figure 2. Univariate brain activity during the imagery tasks for both twins. (a) The location of PPA 

during perception and memory of the Novel Imagery task. The vertical green line indicates the location of 

the peak voxel activity in each condition. We observed an anterior shift in the peak voxel activity of PPA 
between perception and memory in both twins, with an equal (or even smaller) shift in the aphantasic 

compared to the imager. (b) A people>places contrast during the Familiar Imagery task. Using this 
contrast, we identified the recently discovered “familiar memory regions” in the medial parietal cortex in 

both twins, with their characteristic alternating pattern between familiar people and place selectivity. Each 

image is shown at a threshold of p<0.001 unless otherwise noted, and all images are from the sagittal 

view. See also Fig. S3 and Table S2. 
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in aphantasic memory. We also found the anterior shift to be unilateral in the aphantasic twin, 163 

with no evidence of an anterior shift in their right PPA (perception: y=29; imagery: y=29). 164 

Are regions sensitive to the recall of familiar concepts also active during memory? Areas 165 

in the medial parietal cortex have been identified that alternate in their selectivity for familiar 166 

people and familiar places during imagery.9 To see if we could identify these areas in the 167 

aphantasic twin, we tested a univariate contrast of people>places in each twin (Fig. 2b). We 168 

found the characteristic alternating pattern of these familiar people and place memory regions in 169 

both twins, suggesting that information specific to familiar people and places are also present 170 

during aphantasic imagery. The locations of these areas aligned with where they have been found 171 

previously.9,28  172 

 173 

Different, though similar, brain patterns during imagery 174 

As univariate activity revealed similarities—rather than differences—between the twins, what is 175 

causing their phenomenological differences? We hypothesized that these differences may be 176 

reflected in different multivariate patterns of activation during mental imagery, indicating 177 

different information stored in their mental images. To test this, we ran a whole-brain support 178 

vector machine (SVM) searchlight analysis on the neuroimaging data from the Novel Imagery 179 

task (Fig. 3a). To determine the similarity in representations across participants and across task 180 

phases, we trained an SVM to decode between objects and scenes in one condition (e.g., imager 181 

perception), and tested the decoding accuracy between objects and scenes in the other condition 182 

(e.g., aphantasic perception) within each searchlight region. To determine whether decoding was 183 

above chance, we ran a permutation test within each searchlight region.   184 
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  186 

Figure 3. SVM searchlight methods and results. (a) Methods for cross decoding between conditions. 

Using the brain patterns within each searchlight region, we trained an SVM to distinguish between objects 

and scenes in one condition and tested on the other condition. Conditions were either between-

participants (e.g., training on imager perception, testing on aphantasic perception) or within-participants 

(e.g., training on imager perception, testing on imager recall). To determine whether the voxels within a 

searchlight region were able to cross-decode above chance, we randomly swapped the image class labels 

for half of the training and test trials. We did this 100 times to build a null distribution to compare to the 

true decoding accuracy. (b) Voxels with significant decoding accuracy. Between-participants, there were 

many significant voxels able to cross-decode between the twins’ representations during perception, 

whereas there were far fewer during their recall. The decoding accuracy between the twins’ perceptual 

representations was also significantly higher than between their recall representations. Within-

participants, there was a significantly higher decoding accuracy within the imager twin. However, the 

aphantasic twin had a surprisingly similar number of voxels as well as decoding accuracy as the imager 

twin. (c) Voxels with significantly higher decoding accuracy in one condition versus another. Whereas 

visual areas, including PHC, were significantly more similar between the twins’ perception than their 

recall, few areas emerged with higher similarity between their recall. Surprisingly, visual areas, including 

the PHC, shared significantly more similarity in their perceptual and mnemonic representations for the 

aphantasic than the imager. Each image is shown at a threshold of p<0.001, but all key regions reported 

survive cluster threshold correction (see Supplemental Results 1 and Fig. S1). See also Supplemental 

Results 2 and Fig. S2 for an ROI-based approach. 
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First, given that aphantasics are thought to have intact perception but disrupted imagery, 187 

we hypothesized that there would be similarity between the twins’ perceptual representations, 188 

but not their recall representations (Fig. 3b). When we trained on the imager’s perceptual 189 

representations and tested on the aphantasic’s, we found a large number of voxels that were able 190 

to decode above chance (4511 voxels), with an average above-chance decoding accuracy of 191 

66.8% (SD=5.5%). We also surprisingly found decodability between the twins’ recall 192 

representations, suggesting at least some shared information during imagery. However, this 193 

average decoding accuracy (M=60.7%, SD=2.0%) was significantly lower than between their 194 

perceptual representations (t(1192.95)=-48.64, p<0.001), and far fewer voxels were able to 195 

decode above chance (423 voxels). 196 

Further, we hypothesized that if there is less perceptual information in aphantasic 197 

imagery, then there should be higher similarity between the imager twin’s perceptual and 198 

mnemonic representations than between the aphantasic’s (Fig. 3b). Within the imager, we found 199 

similarity between their perceptual and mnemonic representations, with 311 voxels able to 200 

decode above chance with 68.78% (SD=2.24) accuracy. However, we found a surprisingly 201 

similar degree of successful decoding between the aphantasic’s perceptual and mnemonic 202 

representations, with a similar number of significant voxels (263 voxels) and average decoding 203 

accuracy (67.89%, SD=2.50%). Although the imager twin’s decoding accuracy was significantly 204 

higher than the aphantasic’s (t(530.57)=4.49, p<0.001), the numerical difference of only ~1% 205 

suggests that there might be more visual information present in memory for the aphantasic twin 206 

than we originally predicted. We replicated similar cross-decodability of perception and memory 207 

in both twins when targeting mental imagery areas as a region of interest (see Supplemental 208 

Results 2 and Fig. S2). 209 
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What is the content of the information shared between conditions? To answer this, we 210 

first determined areas that had significantly higher decoding accuracy between the twins’ 211 

perceptual than between their recall representations using permutation testing (Fig. 3c). Many 212 

visual areas, including those extending along the parahippocampal cortex (PHC), had 213 

significantly higher decoding accuracy between the twins’ perceptual than between their recall 214 

representations. However, only a few areas—and none visual—had significantly higher decoding 215 

accuracy between their recall than between their perceptual representations. These results are in-216 

line with what we would expect, with more visual information shared between the twins during 217 

perception than recall. Within-participants, given the lack of visual information in aphantasic 218 

memory, we predicted that visual memory areas would share significantly more information 219 

between perception and recall in the imager than the aphantasic twin. However, we surprisingly 220 

found evidence contrary to our prediction, with PHC and the hippocampus sharing significantly 221 

more similar representations during perception and memory in the aphantasic twin. As this 222 

posterior PHC region aligns with where the PPA is typically found,29 this surprisingly suggests 223 

the presence of visual information in aphantasic memory. Within the imager, we found that the 224 

inferior parietal lobule (IPL) had significantly more similar representations during perception 225 

and memory in the imager than the aphantasic twin, which could suggest some immediate 226 

consolidation of visual information in the imager twin.30 227 

 228 

Different brain patterns during familiar imagery 229 

Although we found evidence of visual information in memory for newly-learned images for the 230 

aphantasic twin, do we find this same evidence for more consolidated, highly familiar items? We 231 

tested this using the Familiar Imagery task—as this task required mentally imagining a  232 
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personally familiar person or place without any perceptual information, the twins had to conjure 233 

visual detail from longer-term memory stores to accomplish this task.  234 

We constructed a representational similarity matrix31 by correlating brain activation 235 

between pairs of trials in the same PHC region that contained higher similarity between 236 

perception and memory in the aphantasic twin than the imager twin (see Fig. 4). We quantified 237 

coarse level information by calculating discrimination indices (D), which subtracts the 238 

correlation between conditions (e.g., people and places) from the correlation within conditions 239 

(e.g., people and people). Therefore, if there is visual information in the aphantasic twin’s mental 240 

imagery when pulling from longer-term stores, then there should be positive discriminability for 241 

people versus places. However, we found a D close to 0 in the aphantasic twin, which was 242 

significantly lower than the positive D (0.098) in the imager twin (permutation testing: p<0.001). 243 

In other words, although this region contained category-level visual information for newly-244 

Figure 4. Representational similarity during familiar imagery. To determine whether there is coarse 

level (person vs. place) visual information in aphantasic memory during familiar imagery, we correlated 

brain activity from the PHC region between every pair of stimuli. We quantified the amount of coarse 

level information by calculating a discrimination index (D) for each twin, which subtracts the degree of 

neural similarity within category – between category. Although we found evidence of coarse level visual 

information in the imager twin, we found nearly next to no discrimination between people and places in 

the aphantasic twin. Indeed, D was significantly higher in the imager than the aphantasic twin. 
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learned images for the aphantasic twin, this visual information seemed to dissipate when drawing 245 

from longer-term memory stores. 246 

 247 

Lower and less visually-based connectivity between key regions in aphantasic twin  248 

What could be the cause for the different amount of visual information in aphantasic memory 249 

between the two imagery tasks? To explore this, we quantified the strength of the twins’ 250 

functional connectivity during rest (Fig. 5). To compare the strength of their connections, we 251 

subtracted their correlation values between each pair of nodes (imager – aphantasic) and 252 

averaged across all the connections within lobes. 253 

We overall found trends that replicate prior work, finding that the aphantasic twin had 254 

lower connectivity between their occipital lobe and both the prefrontal lobe20,23 as well as the 255 

parietal lobe.23 However, we did not find lower connectivity between the occipital and temporal 256 

lobe as found previously.19 We additionally found that the aphantasic twin had reduced 257 

connectivity between their temporal lobe and both their prefrontal and parietal lobes (though 258 

only in the right hemisphere). Overall, the disconnect between occipitotemporal and fronto-259 

parietal lobes in the aphantasic twin could interestingly hint at visual information initially 260 

making it into aphantasic memory, but unsuccessfully being consolidated into longer-term stores. 261 

All correlation values between lobes are reported in Table S1. 262 

 263 

Different language lateralization 264 

Although identical twins raised in the same household are as similar as possible for two 265 

individuals, there is one notable physiological difference between these twins. Namely, whereas 266 

the imager twin self-reported as right-handed, the aphantasic twin self-reported as left-handed 267 
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(called “mirror twins”). This opposite handedness was verified using the Edinburgh Handedness 268 

Inventory (EHI; imager twin EHI=1, aphantasic twin EHI=-1). As handedness can correlate with 269 

brain lateralization,33 this meant that the laterality between the twins could also be opposite. We 270 

determined lateralization of the brain through a language localizer, in which the twins read words 271 

versus nonwords, to calculate a laterality index (LI). We found that the imager twin has left-side 272 

language localization (LI=0.225), but the aphantasic twin has bilateral dominance (LI=0.177), 273 

with a trend towards left-side language localization.  274 

275 

Figure 5. Differences in resting state functional connectivity between the lobes of the brain. Red 

means a higher correlation between two lobes in the imager, whereas blue means higher correlation in the 

aphantasic. Interestingly, we generally found lower connectivity between lobes housing immediate 

memory processes (temporal and occipital) and lobes housing consolidated memory processes (parietal 

and prefrontal) in the aphantasic twin, which could account for the differences we found between imagery 

tasks. These connections of interest are outlined in black. See Table S1 for all correlation values. 
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Discussion 276 

 277 

 In this work, we leveraged a rare sample of participants—identical twins, one with 278 

aphantasia and one with normal imagery—which allowed us to identify some of the first neural 279 

underpinnings of aphantasia. First, we found similarity between the aphantasic and imager using 280 

univariate methods, with areas such as PPA and “familiar memory regions” active during 281 

aphantasic memory. Second, when examining differences in multivariate patterns during 282 

memory between the twins, although we found significantly more similarity between the 283 

imager’s perceptual and mnemonic representations, we also found unexpected similarity between 284 

these representations for the aphantasic. In fact, visual areas in the PHC contained significantly 285 

higher similarity between the aphantasic’s perceptual and mnemonic representations than the 286 

imager’s. Although these findings suggest visual information in aphantasic memory, we did not 287 

find evidence for this during familiar imagery. Lastly, we found that the lack of visual 288 

information in aphantasic memory may be attributed to lower functional connectivity between 289 

occipitotemporal and frontoparietal areas. 290 

As there have only been a handful of published neuroimaging studies on aphantasia—and 291 

none looking at the content of aphantasic memory—the current results help build a foundation 292 

for our current understanding of the condition. Here, we found evidence that there is indeed a 293 

difference between aphantasic memory content compared to controls, with our results suggesting 294 

that there is significantly less visual information in memory for both newly-learned images and 295 

familiar people and places. These neural results suggest that the lack of imagery is an objective 296 

experience, supporting other objective behavioral findings,1,18 and that there may be ways to 297 

identify aphantasia on the neural level. The overall finding of less visual information in 298 
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aphantasic memory also aligns with previous, more subjective measures of aphantasic memory 299 

content, such as recalling fewer objects and using less color when drawing scenes from 300 

memory.24 301 

However, we also found evidence that memory content for the aphantasic may contain 302 

more visual information than we originally predicted. Although the difference in decoding 303 

accuracy between perception and memory in the imager twin was significantly higher than in the 304 

aphantasic twin, the accuracy was unexpectedly similar (only ~1% difference). In fact, visual 305 

areas in the PHC had significantly higher decoding between perception and memory in the 306 

aphantasic twin, suggesting that there is still a surprising degree of perceptual information in 307 

aphantasic memory for newly-learned images. Univariate approaches also revealed intact 308 

category-level visual information for the aphantasic, with activation of PPA, OPA, and LO 309 

during memory for newly-learned images. We even found activation of regions selective to recall 310 

of familiar people and places (“familiar memory regions”), suggesting at least some intact 311 

memory content during familiar imagery as well. 312 

The finding of less visual information in aphantasic memory during familiar imagery 313 

compared to novel imagery also suggests that the amount of visual information may depend on 314 

when the information was learned. Whereas novel imagery involved mentally imagining an 315 

image that was shown shortly before, familiar imagery required mentally imagining a familiar 316 

person or scene without any previous visual information shown. Therefore, it is possible that 317 

aphantasics can maintain some visual information shortly after encoding, but that this visual 318 

information dissipates more in aphantasics than imagers when the memory becomes 319 

consolidated. Indeed, upcoming work may support this idea, which reports aphantasics 320 

maintaining visual information in early visual cortex during working memory.34 321 
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Additionally, our results may suggest that there is a transformation between perception 322 

and memory representations, even for those with normal imagery. As the aphantasic twin’s 323 

memory lacks perceptual information, it likely undergoes a transformation in representation from 324 

perception (e.g., becomes more semanticized). As a result, their memory serves as a powerful 325 

comparison to determine whether such a transformation occurs even for those who report more 326 

visual information in memory. Since we found that there was comparable cross-decoding 327 

between perception and memory between the twins, this suggests the removal of some perceptual 328 

information—and thereby a transformation—in the imager’s memory as well. Similarly, we also 329 

found a similar degree of an anterior shift in peak voxel activity for areas like PPA between the 330 

imager and aphantasic. These results therefore align with previous studies that have found 331 

differences between perception and memory.7–10 332 

In addition to the novel insight our findings provide on aphantasia, our work also 333 

coincides with previous network-based studies. Specifically, we found both lower connectivity 334 

between the aphantasic twin’s occipital lobe and their prefrontal20,23 and parietal lobes.23 335 

However, we did not find lower connectivity between the aphantasic’s occipital and temporal 336 

lobe as reported previously,19 and we found a new pattern of lower connectivity between the 337 

aphantasic’s temporal lobe with their prefrontal and parietal lobes. In total, these trends in 338 

connectivity in the aphantasic suggest that there could be a lack of access to visual information 339 

for consolidated memories. Indeed, the occipital lobe is widely known to house visual areas like 340 

OPA35 and the temporal lobe to house the hippocampus and other visual areas like PPA.36 In 341 

contrast, the medial prefrontal cortex and posterior parietal cortex are thought to be two areas 342 

that house longer-term stores in the greater neocortex after memory consolidation,37,38 which 343 
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involves migration of memories from the hippocampus.30 Therefore, it is possible that more 344 

visual information is lost during consolidation for aphantasics than imagers.  345 

Lastly, the present study raises important avenues of research for future work. Although 346 

the twins are identical, we did find that the imager twin processed language in the left 347 

hemisphere, whereas the aphantasic twin processed language bilaterality (though left-hemisphere 348 

leaning). As visual processing is more right lateralized,39,40 it is possible that bilateral language 349 

processing inhibited some of this visual processing. Therefore, future work could investigate 350 

whether there is a connection between language lateralization and imagery ability. In addition, 351 

the presence of visual information in aphantasic memory in the present study suggests that 352 

aphantasia may be more of a spectrum than a discrete condition. Indeed, although the aphantasic 353 

twin reported imagery within the aphantasic range, they did report some visual information in 354 

imagery. Therefore, it may be valuable for future studies investigating aphantasia to recruit 355 

participants with the lowest VVIQ score, indicating the complete absence of visual imagery. 356 

In conclusion, this case study of identical twins was able to characterize aphantasia in 357 

new and valuable ways, quantifying their memories as lacking visual information even on the 358 

most objective, neural level. However, this study also revealed that there can still be a surprising 359 

level of visual information for someone with aphantasia, at least for newly-learned images.  360 
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Methods 361 

Participants 362 

Two identical twins (31 years old, female) raised in the same household participated in this 363 

experiment. Their overall mental imagery ability was assessed using the Vividness of Visual 364 

Imagery Questionnaire (VVIQ),12 and separable object and spatial imagery abilities using the 365 

Object-Spatial Imagery Questionnaire (OSIQ).41 Handedness was also assessed using the 366 

Edinburgh Handedness Inventory.42 The subjects had corrected vision and wore MRI-compatible 367 

lenses during the scan. Subjects consented to participation, following the guidelines approved by 368 

the University of Chicago Institutional Review Board (IRB20-0233), and were compensated for 369 

their time. 370 

 371 

Tasks 372 

Perceptual localizer  373 

A perceptual localizer was run to identify scene-, face-, and object-selective regions, but was not 374 

used in analysis for this paper. In this localizer, participants viewed four 16 sec blocks of images. 375 

Each block contained a single category of images: faces, objects, scenes, or scrambled images. 376 

Participants indicated consecutive repeats of images by pressing the response button. Participants 377 

completed one run of this task. All tasks performed in the scanner were displayed using 378 

Psychtoolbox.43 379 

 380 

Novel imagery 381 

The item-based imagery task was adapted from Bainbridge, Hall, et al.7 In each trial, participants 382 

were presented with an image to view for 6 sec. After a 1 sec fixation, they completed a 4 sec 383 
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distractor where they viewed a series of scrambled images with one intact image and responded 384 

when they saw the intact image. After a 1-4 sec jittered fixation, they were instructed to recall 385 

the previously shown image for 6 sec as vividly as possible. At the end of each trial, they rated 386 

the vividness of their memory as either high vividness, low vividness, or no memory. 387 

Participants viewed 48 images of scenes and 48 images of objects presented against a white 388 

background, for a total of 96 images. Subjects completed 4 runs of this task with 24 trials each, 389 

equally balanced across the stimulus hierarchy. The order of image presentation was the same 390 

between participants. 391 

 392 

Familiar imagery 393 

The familiar imagery task was modified from Steel et al.10 Before the scan, the twins generated a 394 

list of 36 personally familiar places and 36 personally familiar people together. In each trial of 395 

the experiment, participants were prompted with the name of one of the people (e.g., mom) or 396 

places (e.g., childhood bedroom) for 1 sec. After a 1 sec dynamic alphanumeric mask, they were 397 

asked to recall the person or place associated with the prompt as vividly as possible for 10 sec. 398 

After recall, they were asked to rate the vividness of their imagery as either high vividness, low 399 

vividness, or no memory. Participants completed 4 runs of this task with 18 trials in each run. 400 

 401 

Language localizer 402 

The language localizer was adapted from Fedorenko et al.44 In each trial, participants were 403 

presented with a 12-unit sequence of either words that formed a sentence or nonwords. Each unit 404 

was presented individually for 450 msec. Subjects completed 1 run of this task, with 16 blocks of 405 

3 trials of either words or nonwords.  406 
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Drawing experiment 407 

The drawing experiment was performed to obtain visual representations of the participants’ 408 

perceptual and mnemonic content. During the experiment, participants first encoded three scene 409 

images sequentially (a bedroom, living room, and kitchen) for 10 sec each before recalling them 410 

using drawing. The canvas used to create the drawings matched the size of the encoded images 411 

(500  500 pixels). While drawing, participants had access to a range of colors, an erasure tool, 412 

and an undo tool. Participants next performed a short old/new recognition task with the three 413 

target images and three foil images from the same scene categories. Lastly, the participants were 414 

sequentially shown the original three scene images alongside the drawing canvas. The 415 

participants were instructed to copy each image using drawing. 416 

 417 

MRI data collection and analysis 418 

Neuroimaging data was collected at the University of Chicago using a 3T Philips Achieva MRI 419 

scanner with a 32-channel phased-array head coil. Anatomical scans used a T1 MPRAGE 420 

structural scan with a resolution of 111 mm voxels. Functional scans used a gradient echo-421 

planar T2* sequence (39 axial slices parallel to the anterior commissure-posterior commissure 422 

line; 6464 matrix; FoV=192192 mm; TR=2000 msec; TE=28; 0.5 mm gap; flip angle=77 423 

degrees; 333 mm voxels). We preprocessed the functional scans using the same protocol as 424 

prior studies,7 which included slice time correction and motion correction using the Analysis of 425 

Functional NeuroImages (AFNI) software.45 No spatial smoothing was applied. Functional data 426 

were aligned to Montreal Neurological Institute (MNI) space. 427 

 428 

 429 
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Whole-brain univariate analyses 430 

We ran general linear models (GLM) to perform whole-brain univariate analyses on the Novel 431 

Imagery and Familiar Imagery tasks. For Novel Imagery, all trials were modeled separately (e.g., 432 

recalling farmhouse #4). Whole-brain t-contrasts were then calculated by grouping trials along 433 

the dimensions of object/scene and encoding/recall. Distractor periods were modeled separately. 434 

For Familiar Imagery, all trials were also modeled separately (e.g., Student Art Gallery), with 435 

trials grouped along the dimensions of recalling people/places for whole-brain t-contrasts. Both 436 

GLMs additionally included six regressors for head motion. The individual trial beta values were 437 

used for multivariate analyses for both imagery tasks. 438 

 439 

Defining regions of interest 440 

We identified regions of interest (ROIs) using functional and anatomical criteria using data from 441 

the Novel Imagery and Familiar Imagery tasks. From the Novel Imagery task, we identified and 442 

focused analyses on scene-selective area parahippocampal place area (PPA) using a 443 

scenes>objects contrast. Additionally, we also used a scenes>objects contrast to identify 444 

occipital place area (OPA) and medial place area (MPA) as well as an objects>scenes contrast to 445 

identify object-selective area lateral occipital (LO; see Table S2 for coordinates of these 446 

additional regions). These regions were localized during perception and memory separately. 447 

From the Familiar Imagery task, we identified “familiar memory regions” that have been found 448 

in the medial parietal area using a people>places contrast, and compared the coordinates in MNI 449 

space to where they have been localized previously.9,28 450 

 When determining the location of the ROIs during perception and memory of the Novel 451 

Imagery task, we located their peak voxel activation in MNI space. We first used the threshold of 452 
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p<0.001 to identify these regions, but iteratively lowered the threshold until we were able to 453 

identify them. Although PPA was largely identified using our most conservative threshold, the 454 

aphantasic’s left and right PPAs were notably not identified during memory until we used a more 455 

liberal threshold (left: p<0.02; right: p<0.01). However, we also found similar evidence for an 456 

anterior shift when using a more conservative threshold and expanding to the greater medial 457 

temporal lobe region (see Fig. S3). 458 

 459 

Whole-brain SVM searchlight analyses 460 

We performed four whole-brain SVM searchlight analyses to determine representational 461 

differences between participants and tasks during the Novel Imagery task. Between-participants, 462 

we used the voxels within each searchlight (sphere radius=3 voxels) to train an SVM to 463 

differentiate between objects and scenes in the imager and tested the model to differentiate 464 

objects and scenes in the aphantasic. We did this twice: first for their representations during 465 

perception, and second for their representations during memory. If there are similar 466 

representations between the imager and aphantasic in a searchlight area, then there will be higher 467 

(and above chance) decoding accuracy. Significance at each searchlight area was determined 468 

through permutation testing, in which we performed 100 iterations of randomly swapping half of 469 

the scene and object labels during training, and swapping those same labels during test to build a 470 

null distribution. We used the same logic within-participants (but between tasks), where we 471 

trained an SVM on a participant’s perception and tested on their recall. We performed this for 472 

both the aphantasic twin and the imager twin. 473 

 We additionally performed a second set of permutation tests to determine searchlight 474 

areas that had significantly different decoding accuracy for either (1) encoding or recall or (2) for 475 
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the imager or the aphantasic twin. We ran this permutation test by randomly swapping half of the 476 

condition labels (e.g., encoding or recall) between training and test. We performed this random 477 

swap 100 times to build a null distribution, with significance set at p<0.05 for all permutation 478 

tests. For all SVM searchlight results, statistics and brain visualizations are shown using the 479 

uncorrected threshold of p<0.001, but we find the same trends and key brain regions when using 480 

cluster threshold correction (see Supplemental Results 1 and Fig. S1). For cluster threshold 481 

correction, we performed 1-sided thresholding for the initial SVM searchlight analyses and bi-482 

sided thresholding when comparing between the SVM searchlight conditions (i.e., when results 483 

could be positive and negative). 484 

 485 

Representational similarity analyses and discrimination indices 486 

We conducted representational similarity analyses31 on the Familiar Imagery task data to 487 

determine the amount of visual information present in memory when recalling familiar people 488 

and places. We performed these analyses in the PHC region identified from the whole-brain 489 

searchlight SVM analyses as having unexpectedly higher similarity between perception and 490 

memory for the aphantasic than the imager twin. We built a representational similarity matrix 491 

(RSM) for each twin by correlating (Pearson’s correlation) the activation of each voxel of the 492 

PHC region between each pair of trials. Therefore, trials with a higher Pearson’s correlation have 493 

more similar representations. 494 

If there is visual information present during memory of familiar people and places, then 495 

we would expect more similarity for within-category trials (e.g., within-people) than between-496 

category trials (i.e., between people and places) as there would be more shared visual 497 

information within-categories. Therefore, we calculated discrimination indices (D) by 498 
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subtracting the average of all between-category correlations from the average of all within-499 

category correlations.46 To determine whether there was any significant difference in the 500 

discriminability of people vs. places between participants, we performed a permutation test by 501 

calculating the difference in D between participants when half of the trials were randomly 502 

swapped between participants. We performed 1000 iterations of this random swapping to build a 503 

null distribution to compare to the true difference in discriminability between participants. 504 

  505 

Functional connectivity analysis 506 

To determine participants’ functional connections in the brain at rest, we had the twins watch a 507 

10-min video titled Inscapes47 that contained no semantic or social information while in the 508 

scanner. The functional data were preprocessed and analyzed using a separate pipeline from the 509 

other collected MRI data to more closely follow recent studies of functional connectivity.48,49  510 

Preprocessing involved using afni_proc to remove outliers, perform time-slice correction, align 511 

to the anatomical scan, register volumes to the TR with the least amount of motion, and align to 512 

MNI space. Additionally, white matter and CSF masks were created for each participant using 513 

FMRIB Software Library (FSL) and were regressed out of the data. To control for motion, 514 

volumes in which 5% of the voxels contained motion outliers were removed as well as volumes 515 

following a change of at least 0.2 mm of motion from the volume. As this last step left too few 516 

volumes for analysis for the aphantasic twin, we used a slightly more liberal threshold of 517 

censoring out volumes with at least 0.3 mm of motion for the aphantasic twin.  518 

 For the functional connectivity analysis, we parcellated the pre-processed data into the 519 

268 nodes of the Shen Brain Atlas.50 Since analysis depended on directly comparing the strength 520 

of functional connections between the twins, we removed three nodes (2 prefrontal nodes, 1 521 
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temporal node) that were filtered out during preprocessing in at least one participant. After 522 

calculating the mean time series for each node, we used Pearson’s correlation to correlate the 523 

mean times series between each pair of nodes and create a functional connectivity matrix. Lastly, 524 

to compare the strength of connections between participants on the lobe level, we averaged 525 

across the correlation values within each lobe (i.e., averaged across the nodes) and subtracted 526 

these averages between participants (imager twin – aphantasic twin). 527 

 528 

Language localizer analysis 529 

We ran a language localizer analysis to test whether the twins’ language areas were lateralized to 530 

different hemispheres. We determined language lateralization using the previously established 531 

method of calculating a laterality index (LI),51,52 which involved comparing the number of voxels 532 

active in the right (RH) versus the left hemisphere (LH) for words>nonwords at a threshold of 533 

p0.001. Specifically, we followed the formula LI=(LH–RH)/(LH+RH) and did not include 534 

voxels within the cerebellum, as the cerebellum can show opposite trends to the rest of the 535 

brain.53 Therefore, a positive LI indicates laterality towards the left hemisphere, whereas a 536 

negative LI indicates laterality towards the right hemisphere. However, we set a laterality 537 

threshold of 0.2 following the most common convention,54,55 which meant that laterality was 538 

considered bilateral until the LI was > +/- 0.2. 539 

 540 

Mental imagery ROI SVM analysis 541 

To determine whether the SVM searchlight results replicate using a region of interest (ROI)-542 

based approach, we used the tool Neurosynth56 to localize a mental imagery ROI. When given a 543 

term, Neurosynth performs a meta-analysis on all published fMRI studies in its database that 544 
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includes that term in the abstract, and then determines the voxels that are preferentially active for 545 

that term. These voxel maps are then corrected using a false discovery rate (FDR) of 0.01. 546 

Therefore, this is a powerful method of deriving ROIs based on data from many studies. 547 

For the present ROI, we used the term “mental imagery”, which created a brain map 548 

based on 84 published studies. We focused on replicating the SVM searchlight results with a 549 

mental imagery ROI because this area should theoretically (1) be more active during the 550 

imager’s than the aphantasic’s recall, given that the aphantasic has impaired mental imagery and 551 

(2) share some similarity between perception and recall, given that imagery is thought to involve 552 

some reactivation of perception. These were the same key hypotheses tested with the SVM 553 

searchlight. Therefore, to see whether we found the same trend of results, we averaged across the 554 

decoding accuracies for each voxel within the mental imagery ROI for each SVM searchlight 555 

condition. We only included voxels that were in the mask and inside the participants’ brains. 556 

Results for this analysis are reported in Supplemental Results 2 and Fig. S2.  557 
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